Abstract-Dissolved organic matter (DOM) influences metal speciation in soil solutions and, hence, metal toxicity. Root-elongation experiments were conducted to examine the effect of soil solution components, such as Ca, H, and DOM, on metal rhizotoxicity. A biotic ligand model (BLM) was tested for its ability to predict the rhizotoxicity of Cd and Cu in soil extracts. It was hypothesized that the concentration of Cd and Cu bound to functional groups at the root surface estimated using a BLM would be a better predictor of rhizotoxicity than the free-metal ion activity in solution. Both metals became less toxic at higher DOM, Ca, and H concentrations. Solution speciation and the effect on root growth explained most of the variability observed in the DOM experiments, but not in the cation experiments. It was concluded that Ca and H inhibited the rhizotoxicity of both metals tested. Rhizotoxicity data correlated better with estimates of metal-root complexes that have been estimated with a BLM than with free-metal ion activity or with total metal concentrations. The BLM seems to be a promising approach for predicting metal availability in soils and for assessing the associated risk.
INTRODUCTION
The speciation of trace metals, such as Cd and Cu in soil solutions, is important for their bioavailability to soil organisms. Dissolved organic matter (DOM) plays an important role in metal complexation in soil solutions, influencing metal speciation and, hence, metal bioavailability and toxicity. Dissolved OM is ubiquitous in soil solutions and consists of a range of low to high molecular-weight organic acids including fulvic acids (FA) and humic acids (HA). Concentrations of DOM can range from less than 10 to over 800 mg C/L [1, 2] .
Dissolved OM can affect plant health directly, such as by stimulating and inhibiting growth [3, 4] . Furthermore, the binding of DOM to toxic metals or limiting nutrients affects their bioavailability and can therefore indirectly affect plant health [3, 5] . Altered DOM, such as extracted FA or HA of different origin, has been used in solution studies to quantify its effect on metal availability. In contrast with aquatic toxicology studies, there is a lack of solution studies that address the interaction of metals and unaltered DOM and its effect on metal toxicity to terrestrial plants. It has been suggested that organically complexed metals are less bioavailable and less toxic and that most of the phytotoxic response to metals in soils can be explained by the free-metal activity in the soil solution [6] [7] [8] [9] . Some contradictory results have been reported and have indicated that organic metal complexes might contribute to metal uptake or toxicity [2, 10, 11] . There is no agreement whether metals complexed by DOM in soil solutions are bioavailable.
In soils, the solubility of Cd and Cu increases at low pH [12] . Furthermore, free-metal ion activities increase at lower pH, as the metals interact less with ligands such as DOM [12, 13] . Some studies associate the pH-related increase of metal solubility and metal activities in soils with their increased bioavailability and, hence, toxicity [7] . In contrast, there is evidence from plant studies performed in synthetic solutions for both metals that metal uptake and toxicity are enhanced with increasing pH [14] . This has been explained by the competitive effect of cations, such as H, on metal uptake or toxicity. Besides speciation, an appreciation of solution chemistry is important for the alleviation of metal toxicity, presumably via cationic competition for binding to physiologically active sites [15] . However, toxicity data from synthetic solutions cannot unambiguously be extrapolated to soil solutions.
In this study, a lettuce-root elongation assay was used to establish rhizotoxicity endpoints. Soil extracts with different concentrations of DOM were used as test media to imitate natural solutions. The rhizotoxic effect of Cd and Cu was studied because these two trace metals differ in their affinities for binding to DOM ( [16] and references therein). The objectives of this study are to quantify the effect of metal complex formation with DOM on metal rhizotoxicity and to test a biotic ligand model (BLM) for its ability to predict metal rhizotoxicity in soil extracts.
MATERIALS AND METHODS

Soil sampling and extraction procedure
A bulk soil sample (ϳ13 kg dry wt) was taken from the organic surface horizon of an orthic ferro-humic podzol [17] under mixed coniferous deciduous forest in October 2000. The forest site is located at St-Hippolyte, Québec, Canada, in the Laurentian Mountains on the Pre-Cambrian Canadian Shield. The soil was air dried, roots were removed, and the sample was sieved to 2 mm. The sample was homogenized, divided into subsamples following the quadrat method, and stored in plastic bags at room temperature until further analysis. Pre- liminary extraction experiments were carried out to determine the soil:solution ratios that would ensure the desired concentration of DOM. The chosen range of concentrations reflects the amount of DOM typical for lysimeter-collected soil solutions of organic surface horizons in these forest sites [18] . Solution characteristics for different extracts are reported in Table 1 . An 80 M CaCl 2 /CaSO 4 solution prepared with double deionized water was added to bring soil and solution on a mass basis to the desired ratios. The solutions were stirred in 10-L buckets for 2 h at room temperature using a motor-driven propeller and then allowed to equilibrate for 24 Ϯ 2 h at 4ЊC. To remove the soil from the extract, solutions were filtered through 0.7-m prefilters (borosilicate glass fiber filter) using a pressure-filter system. To minimize microbial colonization, soil extracts were then filtered to 0.45 m (mixed cellulose ester membrane filters) using vacuum-driven filter units and were stored at 4ЊC for Յ12 h.
Solution preparation and analysis
All plasticware was cleaned with Fisherbrand Sparkleen (Pittsburgh, PA, USA), rinsed, soaked for 20 min in 10% HNO 3 , rinsed six times with double-deionized water, and then air dried. Calcium, Cu, and Cd were added as chloride salts on the day of the test. Stock solutions were prepared using American Chemical Society or higher grade chemicals and double-deionized water. Before and after the test, subsamples were transferred into polypropylene bottles and kept for further analysis. Subsamples for metal analysis were prepared for storage by adding 0.1 ml of 0.1 M EDTA (ethylenediaminetetraacetic acid) per 10 ml of solution. Quality-control solution samples [19] were analyzed with each batch to ensure accurate analysis.
The solutions were analyzed for total metals (Me T ): Cd, Cu, Ni, and Pb using a graphite furnace atomic absorption spectrophotometer Varian SpectrAA 220 (Palo Alto, CA, USA) and flame atomic absorption spectrophotometer Perkin Elmer 2380 (Wellesley, MA, USA) for Ca, K, Mg, Mn, Na, and Zn. Anions (Cl, NO 3 , PO 4 , SO 4 ) and NH 4 were analyzed on a Waters liquid ion chromatograph (Milford, MA, USA). Comparison of measurements from subsamples taken before each test with occasional measurements of subsamples taken after each test revealed that cation and anion concentrations did not change significantly (p values Ͼ0.1, using paired t test). Possible biodegradation of DOM was assessed by measurement with total organic carbon analyzer Shimadzu TOC-V (Columbia, MD, USA). Concentrations were measured before (unmodified soil extracts) and after the test (50% of all treatments) ( Table 1) . Although preventive care, such as seed sterilization, was taken, some biodegradation occurred. Control experiments revealed that bacterial contamination occurred even when seeds were sterilized with the strongest sterilization solutions (0.3% NaOCl). Higher concentrations of the sterilization media resulted in an impairment of seed germination (data not shown).
Preliminary experiments showed that the buffering capacity of DOM in the extracts was not sufficient to keep the pH stable over the duration of the experiment. Solution pHs above 5 were buffered with 0.25 mM 2-(N-morpholino)-ethanesulfonic acid and adjusted with 0.1 M NaOH. Solutions with pH below 5 were adjusted with 0.1 M HCl. The solution pH was measured using a Fisher Accumet pH meter (Pittsburgh, PA, USA) with a combination electrode. In all experiments, pH was allowed to increase by 0.3 pH units during the test. Solutions with pH below 5 were readjusted during the test with 0.1 M HCl after 24 h. The electrical conductivity was measured before and after the test using a Cole Parmer conductivity meter (Vernon Hills, IL, USA); in all experiments, electrical conductivity never differed by more than 10%. All analytical data presented here refer to values measured in subsamples that were taken before each bioassay. Total metal concentration is further denoted for the respective metal as Me T , free-metal concentration as {Me 2ϩ }, and free-metal activity as (Me 2ϩ ). 
Measurement of Cu activities
Copper activities were measured directly using a Cu ionselective electrode, Orion model 9629 ionplus Series Cupric Electrode with a Sure-Flow combination reference electrode (Waltham, MA, USA) connected to a Fisher Accumet 815 MP meter (Pittsburgh, PA, USA). We followed the procedure as described by Sauvé et al. [20] except for some minor changes. Briefly, the electrode was preconditioned before each use. The electrode's filling solution was renewed, the electrode was polished for 30 s with an Al 2 O 3 strip, rinsed, soaked for 10 min in 0.025 M H 2 SO 4 , rinsed, and soaked for 5 min in 0.1 M Na 2 EDTA, and subsequently rinsed vigorously again. All rinses were done with double-deionized water. Measurements were made at room temperature; solutions were stirred at a constant speed with a magnetic bar. Readings were considered to be stable when the potential was Ϯ0.3 mV for 3 min. The time for electrode equilibration depended on (Cu 2ϩ ) and could last up to 2 h for very low activities. Samples were analyzed in order of increasing activities. Solution pH was measured immediately after the (Cu 2ϩ ) measurement. Electrode calibration buffers were prepared with 0.1 mM imino diacetic acid, 0.1 mM Cu(NO 3 ) 2 , 6 mM NaOH, 2.5 mM KHC 8 H 4 O 4 , and 10 mM CaCl 2 . All reagents used were ultrapure grade. The buffer pH was adjusted with HNO 3 from 2.81 to 8.83, resulting in a range of log(Cu 2ϩ ) from Ϫ13.01 to Ϫ4.97. Speciation calculations were carried out using the equilibrium program MINEQL ϩ [21] . The default thermodynamic database was edited using the compilation of Fortin and Campbell [22] and stability constants for imino diacetic acid from the GEOCHEM-PC, Version 2.0 database [11] . Computed concentrations were corrected for ionic strength using the Davies equation. The response of the electrode was linear (r Ͼ 0.99) and reproducible. Slopes were slightly different from ideal Nernstian slopes with an average slope of 27.2 mV/decade (standard deviation [SD] ϭ 0.4 for n ϭ 24 over a five-month period); all slopes were within the range of acceptable theoretical slopes (Cu ISE Manual, Orion Research, Waltham, MA, USA). Cupric activities were measured in subsamples before and after each bioassay. Statistical analysis revealed that measured values were not significantly different before and after the test (paired t test, t ϭ 0.36, df ϭ 51, p ϭ 0.72).
Estimation of Cd and Ca activities
Cadmium and Ca activities were calculated with WinHumicV ( [23] ; http://www.lwr.kth.se/English/OurSoftWare/ winhumicv/Index.htm), a program that has been developed to calculate metal speciation in acid soils. WinHumicV is based on Humic Ion-Binding Model V [24] . This program is similar to the DOS program Windermere Humic Aqueous Model and uses the original Windermere Humic Aqueous Model database [25] . To assess whether WinHumicV was able to predict accurate metal activities for these soil extracts, calculated and measured Cu activities were compared. Comparisons were performed over a range of pH (4.45-6.09) and total concentrations of DOM (9.5-33.8 mg C/L, Ca [0.05-2 mM] and Cu [0.004-14.7 M]). We assumed that 100% of the DOM is fulvic acid [13] . Anions and cations (Table 1) were included with their measured values. Speciation calculations with the default metal-binding constants produced numbers, which differed by less than one order of magnitude from measured values. Statistical analysis revealed that calculated and measured Cu activities were not significantly different (paired t test, t ϭ 0.64, df ϭ 42, p ϭ 0.52). Linear regression analysis resulted in the following relationship: Ϫlog(Cu 2ϩ ) pred ϭ 0.911 (Ϫlog(Cu 2ϩ ) meas ) Ϫ 0.541 (r 2 ϭ 0.95; 95% confidence intervals for m: 0.85-0.97, if y ϭ mx ϩ n). Therefore, we concluded that DOM in these soil extracts behaved like isolated fulvic acid. We assumed that WinHumicV gives reasonable estimates of metal activities, including Ca and Cd, over the tested range of solution conditions. Estimates of WinHumicV were used for (Ca 2ϩ ) and (Cd 2ϩ ) throughout our calculations.
Root-elongation test
Root-elongation experiments were carried out in an incubator using soil extracts with different pH values, DOM, and cation and anion concentrations. Seeds of lettuce (Lactuca sativa L. 'Buttercrunch') were surface sterilized with 0.3% NaOCl for 3 min and rinsed at least 10 times with doubledeionized water. Seeds were germinated on filter paper soaked with 80 M CaCl 2 /CaSO 4 solution in darkness at 25ЊC. Seedlings were selected for uniform root length (1-1.5 mm) after 24 h and transferred into test solutions. They were grown on polyethylene floats in continuously aerated test solutions for 48 Ϯ 1 h in darkness at 25ЊC. Root lengths were then measured using WinRHIZO V 5.0A᭧ image analysis software (Regent Instruments, Quebec City, PQ, Canada). We used 10 seedlings per pot holding 2 L of test solution and three replicate pots for each treatment. To ensure consistency among the experiments, we included two pots for negative control (0.2 mM CaCl 2 , pH 6) and one pot for positive control (500 g Cu/L) per single experiment. The mean root length of positive and negative controls in all experiments did not exceed 2 SDs of the respective overall mean (n ϭ 26; positive control: 20.6 mm, SD ϭ 4.9; negative control: 1.7 mm, SD ϭ 0.2); all the data were accepted for data pooling [26] .
Analysis of root elongation
Root elongation is expressed as (Kinraide 1998) [27] 
where RRL represents relative root length, RL represents average length of 3 ϫ 10 roots, RL T represents root length at a given toxicant concentration, RL sat represents root length at maximal toxic concentrations, and RL c represents root length of seedlings in corresponding toxicant-free control. The RL sat corresponds to the negative control and basically reflects the root length at the time of the transfer. The Weibull equation [27] was used to describe the response in soil extracts,
where T corresponds to the toxic metal expressed as concentration, activity, or as another unit, and a and b are curvefitting parameters. All results were analyzed statistically using SYSTAT Release 10. All values for coefficients in the Results and Discussion section are significantly different from zero at the 5% level (95% confidence intervals do not encompass zero).
RESULTS AND DISCUSSION
Effect of DOM on Cd and Cu rhizotoxicity
The first set of experiments was designed to evaluate the effect of DOM on metal rhizotoxicity at pH 6. The activity of Ca was held approximately constant in all experiments. The RRL was calculated based on comparison with metal-free controls at each DOM level.
Cadmium. The Cd experiments were factorial in DOM level (low, medium, and high) and Cd T (0.08, 0.78, 3.8, and 7.5 M), resulting in a range of Cd activities (1EϪ7 to 3.5EϪ6).
Copper. According to WinHumicV simulations, increasing DOM concentrations would lead to a decrease of cupric activities at a given Cu concentration. Therefore, we designed our experiments to obtain similar activities at all DOM levels, instead of choosing a design that is factorial in DOM and Cu T . Total Cu concentrations ranged from 0.01 to 14.6 M, resulting in a range of Cu activities (4EϪ11 to 1.75EϪ7) at three DOM levels (12.3, 20.7, and 32.8 mg C/L).
The effect of varying DOM concentrations on Cd and Cu rhizotoxicity is shown in Figure 1 . Nonlinear regression analysis was performed to compute parameters for the Weibull equation. The effective concentration values that caused a 50% effect (EC50) were calculated using the respective Weibull parameters (Table 2) . Metal toxicities (expressed as a function of Me T ) decreased with increasing DOM concentration. The calculated EC50 values (expressed as a function of Me T ) differed by a factor of 2.4 for Cd and by a factor of 5 for Cu between low and high DOM treatments. When EC50s are expressed as a function of (Me 2ϩ ), they only differed by a factor of 1.1 for Cd and by a factor of 1.7 for Cu. Primarily, this can be explained by assuming that both metals form complexes with DOM that are not bioavailable (see later this indicates that (Me 2ϩ ) predicts rhizotoxicity more consistently than Me T at a given pH, for solutions that differ in DOM concentrations. When RRL was plotted as a function of (Me 2ϩ ), there was little indication that DOM had any major effect on metal rhizotoxicity. The RRL declined with increasing metal activities. For the simultaneous analyses of data from all three DOM treatments, higher r 2 values were obtained when RRL was described as a function of (Me 2ϩ ) instead of Me T . An additive toxicity model was used to test whether the metal fraction bound by DOM was contributing to root growth inhibition, (Table 2 ). We therefore concluded that both metals form complexes with DOM that are not bioavailable. Based on sequential soil extractions, Krishnamurti and Naidu [2, 10] concluded that Cd and Cu complexed by fulvic matter in soils contribute to metal phytoavailability to durum wheat. In contrast, results of Cabrera et al. [3] and Tyler and McBride [28] indicated that Cd complexed by HA has no influence on Cd uptake in corn and barley. Tyler and McBride [28] suggested a similar nonimportance for organically complexed Cd in soil solutions.
According to Stevenson [29] , humus forms in forest soils are expected to consist mainly of fulvic materials. The similarity of measured and calculated cupric activities (see above) seems to support the assumption that organically complexed Cu in these soil extracts behaved like fulvic acid-bound Cu. Nonetheless, the results of this study regarding the bioavailability of organic metal complexes seem to agree with the suggestions made by Tyler and McBride [28] . Our analysis indicated that Cd and Cu complexed by DOM did not contribute to rhizotoxicity.
Cadmium and Cu behaved differently regarding their complexation with DOM. According to WinHumicV calculations, 50 to 90% Cd and Ͼ99% Cu are organically complexed in this DOM range at pH 6. This led to the observation that EC50 values expressed as Me T were similar for Cd and Cu. When EC50 values are expressed as (Me 2ϩ ), they differ by a factor of 50, with Cu being more rhizotoxic than Cd.
Effect of pH on Cd and Cu rhizotoxicity
A second set of experiments was designed to evaluate the effect of pH at approximately constant DOM levels on metal toxicity. The RRL was calculated based on comparison with metal-free controls at each pH level to correct for the growthinhibiting effect of low pH. The effect of variations in pH on Cd and Cu rhizotoxicity at a medium DOM level is shown in Figure 2 . When RRL was plotted as a function of (Me 2ϩ ), there was evidence that metals become more rhizotoxic at pH 6.0 compared with pH 4.5.
A large variability in the rhizotoxicity scores when expressed as RRL was observed at pH 4.5. This may be due to the impact of small differences in root length between replicates on the calculation of RRL because of little root growth in metal-free controls. The ameliorative effect of H is also obvious when root lengths are being compared. Shorter roots were observed at pH 5 and 6 compared with pH 4.5 at similar metal activities, even though root lengths in metal-free controls were largest at pH 6.
At pH 4.5, a Cd activity of 3EϪ7 led to a root-growth inhibition of 20%, whereas at pH 6, a Cd activity of 1.7EϪ7 retarded root growth by 40%. No further inhibition could be achieved by raising (Cd 2ϩ ) from 3EϪ7 to 8EϪ7 at pH 4.5. The data for Cd and Cu suggest that both metals are either stimulating root growth at low pH or protecting the root from H toxicity. While a Cu activity of 1EϪ7 inhibited root growth at pH 4.5 only by 20%, a similar activity at pH 5.3 would result in 90% root-length inhibition. At pH 6, lower activities almost completely inhibited root growth.
Due to the large variability at low pH, caution should be taken when calculating the EC50s for different pHs with the Weibull equation. Nonlinear regression analysis revealed large confidence intervals for Weibull parameters. We therefore chose to calculate EC50s based on extrapolation (extrapolating between the lowest root growth and the 50% level) for solutions at pH 4.5 and interpolation (interpolating between the concentrations that cause a 50% effect expressed as free-metal ion activities. root scores above and below the 50% level) for pHs above 5. Some of the observed differences in toxicity can be explained by positive linear relationships between EC50s expressed as (Me 2ϩ ) and (H ϩ ) for both metals (Fig. 3) . This can be explained by assuming that H and metals compete for binding to potential sites of rhizotoxic action.
Effect of Ca on Cd and Cu rhizotoxicity
The effect of variations in Ca T on metal toxicity at approximately constant DOM levels was studied in our third set of experiments. Increasing Ca T at relatively constant pH and Me T led to an increase of (Me 2ϩ ) in solution (Table 3 ). This can be explained by assuming that Cd and Cu compete with Ca for binding to DOM. Although there is evidence that higher Ca concentrations (above 2.5 mM Ca T ) can lead to flocculation of DOM and removal of soluble metal complexes [30] , we did not observe this.
Despite higher (Me 2ϩ ) in solution, root length increased with increasing Ca concentrations for both metals at the two pHs. When RRL was calculated based on comparison with metal-free controls at each pH, Ca improved root growth more at lower pH. To assess whether the increase in root length was the result of an amelioration of metal toxicity or a stimulation of root growth by Ca at a certain pH, we conducted another experiment with metal-free controls at each Ca level ( Table  3 ). The RRL was calculated based on comparison with metalfree controls at each pH and Ca level. A modest amelioration of metal toxicity (about 10%) was observed for both metals. This can be explained by assuming that Cd and Cu compete with Ca for binding to potential sites of rhizotoxic action.
Model predictions for relative rhizotoxicity
In order to accurately predict metal toxicity in soil solutions, countervailing actions that may occur in soils need to be considered. These actions include the increase in metal activities at low pHs, the inhibition of metal toxicity by H, the increase in metal activities due to competitive binding of Ca and metals to DOM at higher Ca levels, and the inhibition of metal toxicity by Ca.
Results from experiments 1 to 3 indicate that, for the rhizotoxic action of Cd and Cu in soil solution, (Me 2ϩ ) is a more constant predictor of rhizotoxicity than Me T at different DOM levels at pH 6; EC50s, when expressed as (Me 2ϩ ), increase linearly with (H ϩ ) at a constant DOM level; and Ca ameliorates Cd, Cu, and H rhizotoxicity.
The rhizotoxicity of Cd and Cu does not seem to be determined by (Me 2ϩ ) alone. Ameliorating ions, such as Ca and H, are hypothesized to compete with Cd and Cu ions for binding sites at the root surface-soil solution interface. Consequently, their presence at certain metal activities results in decreased toxicity. A BLM could account for the inhibition of metal rhizotoxicity by Ca and H. This inhibition is interpreted in the model as competition of H, Ca, and toxic-metal ions for potential sites of rhizotoxicity (Me-x-cell).
Relative root length was calculated based on comparison with metal-free controls at each pH, Ca, and DOM level to account for growth stimulatory or inhibitory effects. The rhizotoxicity data with the greatest concentration-dependent effect (5-95% effect concentrations) were chosen for simultaneous analyses. The Weibull equation was used to describe the rhizotoxic response. Parameter T can be expressed as Me T , (Me 2ϩ ) or (Me-x-cell), and (Me-x-cell) can be estimated with a BLM.
The total number of potential rhizotoxic sites (x-cell T ) or binding sites is unknown. It was assumed x-cell T ϭ 0.1 mol kg Ϫ1 dry weight, an average estimate for the capacity of a root to exchange cations [31] . If Ca, metal (Me), and H ions compete for similar binding sites and potential rhizotoxic sites, the mass balance would take the form
The affinity of root surface ligands to bind to H, Ca, and Me ions can be expressed using the following equations:
H where (X Zϩ ) represents cation activity, for X as Me 2ϩ , Ca 2ϩ or H ϩ ; (-x-cell) represents concentration of the cellular ligand at the cell surface; (X-x-cell) represents concentration of the respective cation surface complex; and K X represents respective metal (equilibrium) binding constant.
and combining Equations 4-8 leads to where x-cell T represents total number of potential rhizotoxic sites (0.1 mol/kg); (Me-x-cell) represents concentration of metal surface complex; and K Ca , K H , K Me represent stability constants for the binding of these cations to the root surface. It was hypothesized that the concentration of Cd and Cu bound to functional groups at the root surface estimated using a BLM will be a better predictor of rhizotoxicity than the freemetal ion activity in solution. One simple approach is to estimate the binding strength of the principal ligands at the root surface by using stability constants for cationic complexes of analogous ligands. At a plant cell surface, there are dissociated carboxylate groups that give rise to electrical charges of cell walls, e.g., galacturonic acid chains and plasma membranes [32, 33] . Therefore, it was assumed that the functional groups at the root surface have binding constants similar to acetic acid. The parameters were K Cd ϭ 10 1.7 , K Cu ϭ 10 2.24 , and K H ϭ 10 4.8 , to estimate (Cu-x-cell) and (Cd-x-cell) independently. Grauer and Horst [34] modeled the inhibition of Al rhizotoxicity by protons in an approach similar to the BLM. The amelioration of Al rhizotoxicity was explained by cationic competition for root binding based on measured root cation exchange capacity and the nonmetabolic binding strength of roots for various cations. Grauer and Horst [34] suggested a K H ϭ 10 4.8 as a maximum value that is realistic for apoplastic carboxyl groups, which is similar to the K H of acetic acid. The parameter K Ca ϭ 10 2.75 was taken from the study of Grauer and Horst [34] . To successfully explain the alleviation of mineral toxicities by Ca, Kinraide [27] used a model that assigns a value of K ϭ 10 1.5 to any divalent cation. Because Cd and Cu were not part of Kinraide's study [27] , the binding constant 
Nonlinear regression analyses were performed to evaluate if Me T , (Me 2ϩ ), or the concentration of metals bound to functional groups at the root surface (Me-x-cell) would be the most constant predictor of metal rhizotoxicity (Table 4) . Evidence exists that CdCl x species can contribute to the overall bioavailability of Cd in soils [35] ; therefore, we used an additive toxicity model to test whether CdCl x species were contributing significantly to root-growth inhibition,
WinHumicV computes estimates for (Cd 2ϩ ), (CdCl ϩ ), and (CdCl 2 ). Including (CdCl ϩ ) and (CdCl 2 ) or their sum into nonlinear regression equations yielded nonsignificant results. When (Cd 2ϩ ) alone was considered, significant effects were found. Therefore, (Cd 2ϩ ) was considered the dominant rhizotoxic Cd species.
Although not perfect, the BLM seems to predict the rhizotoxicity of Cd and Cu better than total metal concentrations or free-metal activities as indicated by higher r 2 values. When the BLM predictions were plotted against measured values (Fig. 4) , it became clear that Me T was the least reliable predictor of metal rhizotoxicty and (Me 2ϩ ) and (Me-x-cell) failed to predict the effect of H on metal rhizotoxicity satisfactorily, especially for Cu.
The BLM is the only model tested that includes competition between metal and H ion, and the model gave the smallest differences between predicted and measured values. The relationship of predicted versus measured values is not perfect. Further modifications of the model to accommodate the H effect are needed.
Model predictions for rhizotoxicity
It can be argued whether the BLM is useful in explaining rhizotoxic effects of metals in soil solutions based on relative toxicity data (RRL). To quantitatively explain root growth in these soil extracts, we would have to consider two issues besides metal toxicity, i.e., the stimulatory or inhibitory effect of higher concentrations of DOM, cations, and anions in extracts with higher soil-solution ratios, and the rhizotoxic effect of H.
Root length was higher at medium DOM levels when compared with low DOM treatments, which might indicate growth stimulation. However, at higher DOM level, root length decreased, which might indicate growth inhibition. To test whether these effects are significant, we compared the average RL of all metal-free controls at pH 6 from each experiment (n ϭ 16). These values ranged from 1.75 to 3.09 cm (average, 2.45 cm). According to Environment Canada [26] , warning limits (mean Ϯ 2 SD) would range from 2.45 Ϯ 0.64 and confidence limits (mean Ϯ 3 SD) from 2.45 Ϯ 0.96. One data point (highest DOM level) was slightly below the warning limit but within the confidence limits. We accepted, therefore, all the data to be tested for the usefulness of the BLM in explaining rhizotoxicity data.
To consider the rhizotoxicity of H, we used an additive toxicity model,
where T's correspond to toxic ions expressed as activity, or root surface complex, and a, b, c, and d are curve-fitting parameters. Nonlinear regression analyses were performed to test whether free ionic activities of H and Me, or root surface complexes of H and Me, would predict more constant rhizotoxicity over the range of conditions studied. A very slight improvement of the relationship was obtained by predicting the rhizotoxicity based on estimated root-surface complexes. Due to the high sensitivity of lettuce to low pH, the rhizotoxicity of H can be described almost perfectly as a function of H. Even though metals are more rhizotoxic than H (based on cation activities in solutions), the effect of H on rhizotoxicity scores in our data set is substantial. However, the predictability for metal rhizotoxicity improves significantly when based on metal root-surface complexes compared with cationic activities or total concentrations (Table 4) .
General discussion
Aquatic research has indicated that besides the effect of DOM on metal speciation, DOM can have an effect on metal toxicity. The accumulation of DOM at biological surfaces can affect metal availability if the pseudo-equilibrium between biotic ligands and free-metal ions in solution does not prevail [36] . The effect on membrane transport of other ions may lead to a subsequent effect on metal bioavailability and metal toxicity. Results from our study indicate that organically complexed metals are less toxic and that the free ion is the most toxic species. The assumption that a pseudo-equilibrium between metals and root surface ligands predominates seems to be reasonable if metals are present at rhizotoxic concentrations. That might differ for less toxic situations regarding metal uptake and chronic toxicity.
The results of this study showed that metal toxicity is greater at higher pH. Our results further indicate that Ca inhibits metal rhizotoxicity in solutions resembling soil solutions.
The BLM as developed so far can explain some of the variability in metal rhizotoxicity in soil solutions that differ in their DOM level, pH, and Ca concentration. However, there is still considerable scatter in the data and further optimization is needed.
CONCLUSION
Several BLMs have been developed for aquatic organisms to predict metal bioavailability and metal toxicity. The development aims to support current water-quality standards and risk-assessment procedures [37] . In comparison, current soilquality standards are still based on total metal concentration, although drawbacks and shortcomings of this approach have been known for some time. A consensus on what indices of bioavailability and, hence, phytotoxicity would be more appropriate has not yet been found. The BLM is an attractive alternative to support current soil-quality standards and risk assessments of soil-exposed organisms.
Approaches that are similar to the BLM have been successfully used by plant physiologists to explain quantitatively the rhizotoxicity of Al [34] . An application of the BLM to predict the rhizotoxicity of trace metals in soil solutions is tempting, although caution is warranted. Some exceptions, such as the bioavailability of organic and inorganic metal complexes, have been reported. The soil environment might also differ from solution cultures regarding aeration and microbial status. Roots grown in solution may be morphologically and physiologically different from roots grown in soil. Thus, the applicability of conclusions from data collected in solution culture to soil culture needs to be tested.
From a regulatory point of view, the proposed model is a first step in the development of phytotoxicity criteria for metals in soils. This is the first study that shows the limitations of using the free-metal ion alone to predict the rhizotoxicity of metals in soil extracts. We have tested a BLM for its capacity to predict metal rhizotoxicity in soil solution-like media. The BLM was more constant in its predictions for rhizotoxicity than total metal concentrations or free-metal ion activity. We furthermore developed an additive toxicity model to analyze rhizotoxicity data in soil solutions. The plant species we chose is fortunately very sensitive to metals, but unfortunately it is very sensitive to pH as well. Results may be different for other plant species, although similar trends would be expected. Further research is needed to establish similar criteria for different plant species and to establish the effectiveness of a BLM in its applicability to support risk-assessment procedures. This work may include the characterization of the biotic ligand at the root surface as well as the application of a BLM to explain different plant responses other than rhizotoxicity.
